Amblyopes show bilateral loss of sensitivity for second-order (contrast defined) stimuli that can be further suppressed by flanking second-order stimuli (whereas flanks facilitate sensitivity in normal observers). The suppressive flank effect in amblyopes might be explained by abnormal pooling of second-order contrast across visual space. In this study, we investigate whether amblyopes show abnormal second-order spatial summation by measuring contrast detection thresholds for 1 c/deg modulations of random noise (stimuli 1-12 cycles) in amblyopic observers, strabismic observers with no visual acuity loss, and normal (control) observers. Non-control observers showed substantial bilateral loss of sensitivity relative to the control observers, as expected. However, all observers showed essentially equal second-order spatial summation: contrast detection threshold decreased with approximately the square root of the number of cycles, and then became independent of size at 6-8 cycles (similar asymptotes). We conclude that the pooling of second-order contrast across visual space is unaffected by amblyopia.
Introduction
Amblyopia is a developmental disorder of spatial vision that results from discordant binocular input to striate visual cortex due to strabismus (eye misalignment), anisometropia (unequal refraction), or both. Amblyopia is characterized by well-documented deficits in visual acuity, positional acuity, and sensitivity to first-order (luminance defined) contrast (Hess, Field, & Watt, 1990; Levi, 1991) . Wong, Levi, and McGraw (2001) have recently demonstrated that amblyopes show loss of sensitivity, often in both eyes, for second-order (contrast defined) stimuli. This diminished sensitivity can be further suppressed by flanking second-order stimuli, whereas in observers with normal vision flanks facilitate detection of second-order contrast (Wong, Levi, & McGraw, in press ). The suppressive flank effect might be explained by abnormal pooling of second-order contrast across space, i.e., abnormal second-order spatial summation.
Amblyopic deficits for second-order information likely reflect neural deficits distinct from those underlying deficits for first-order information. Processing of first-order information involves linear neurons in V1 that detect spatial luminance variations across their receptive field, whereas processing of second-order information is modeled as a filter-rectify-filter cascade (Cavanaugh & Mather, 1989; Chubb & Sperling, 1988) . Luminance information within the second-order structure is filtered in V1 by first-order neurons and undergoes a non-linear transformation, such as rectification, and subsequently, second-order neurons in V2 filter the rectified output. There is evidence for A18/V2 neurons responding to amplitude modulations in cat (Mareschal & Baker, 1998 Zhou & Baker, 1994) and illusory contours in monkey (Grosof, Shapley, & Hawken, 1993; Leven- & Zhou, 1998; von der Heydt & Peterhans, 1984 , 1989 and cat (Leventhal et al., 1998; Redies, Crook, & Creutzfeldt, 1986) . There is strong evidence for dedicated first-order and second-order mechanisms from human psychophysics (Langley, Fleet, & Hibbard, 1996; Lin & Wilson, 1996; McGraw, Levi, & Whitaker, 1999; Schofield & Georgeson, 1999 Sutter, Sperling, & Chubb, 1995; Willis, Smallman, & Harris, 2000) and single cell physiology in cat (Mareschal & Baker, 1998; Zhou & Baker, 1994) . Taken together, psychophysical deficits for second-order information likely indicate neural deficits at an early stage of extrastriate processing (V2). Of course, psychophysical measures cannot implicate specific cortical areas (e.g., V2), especially given evidence of reentrant connections from extrastriate areas (for a review see Angelucci & Bullier, 2003) , and in this particular study because responses to second-order cues have been found in primate MT neurons and multiple extrastriate areas via fMRI (Mendola, Dale, Fischl, Liu, & Tootell, 1999; Smith, Greenlee, Singh, Kraemer, & Hennig, 1998 ; but see Nishida, Sasaki, Murakami, Watanabe, & Tootell, 2003) .
Spatial summation is characterized as a decrease in contrast detection threshold when the grating area increases. In observers with normal vision, spatial summation has been demonstrated for both first-order stimuli (Graham, 1989; Legge, 1978; Robson & Graham, 1981) and second-order stimuli (Landy & Oruc, 2002; Schofield & Georgeson, 1999) . The linear systems-based model for first-order spatial summation (Graham, 1989 ) appears applicable to second-order spatial summation. Contrast detection threshold initially undergoes rapid improvement, reflecting linear summation (slope of À1) within a single channel (receptive field), slows during summation of additional independent channels (i.e., probability summation, slope of À0.5), then saturates and becomes independent of area (slope of 0). Probability summation assumes that channels respond linearly to the extended stimulus and that their outputs are independent Robson & Graham, 1981) .
Physiologically, single channel summation is taken to represent the linear summation of luminance falling across the receptive field of a single neuron. Probability summation represents the pooling of outputs (without lateral interactions) from similarly tuned neurons whose receptive fields tile the visual space in which the stimulus lies, and the cortical noise accompanying these outputs.
Previous first-order studies using sinusoidal gratings have demonstrated that each eye of amblyopic observers shows normal spatial summation, with the amblyopic eye of strabismic amblyopes showing a greater effect from larger stimuli at low spatial frequencies (Hagemans & van der Wildt, 1979; Katz, Levi, & Bedell, 1984) . In the present study, we measure contrast detection thresholds for various sizes of second-order sinusoidal gratings (1 c/deg amplitude modulations of random noise) in amblyopic observers, strabismic observers with no visual acuity loss, and normal (control) observers. Given that amblyopia can produce bilateral loss of second-order contrast sensitivity which is greater than the loss for first-order spatial input (Wong et al., 2001) , abnormal second-order spatial summation in amblyopic observers might be expected.
Methods

Observers
Seven amblyopic observers, two strabismic observers with no visual acuity loss, and four normal (control) observers participated in the experiment. The visual characteristics of the non-control observers are given in Table 1A and B. Control observers had normal binocular vision and corrected-to-normal vision. All observers were adults, highly practiced at making psychophysical judgements, wore refractive correction as required, and were naïve to the task, with the exception of the author, EW. Informed consent was obtained from all observers prior to data collection.
Apparatus
Stimuli were generated using the macro capabilities of NIH Image 1.62f (available from http://rsb.info.nih.gov/nih-image/). The host computer was a Power Macintosh 6500/225 and stimuli were presented on a Dell monitor (21-in. screen, resolution 1024 · 768 pixels, frame refresh rate 75 Hz, and mean luminance 15 cd/ m 2 ). The monitor output was made linear over the entire luminance range used in the experiments via calibration with a photometer (Minolta LS-110 digital luminance meter). Contrast resolution of up to 12-bit accuracy was obtained through use of a video summation device (Pelli & Zhang, 1991) .
Stimuli
We used stationary, contrast modulations of random static noise as second-order stimuli (Fig. 1 ). Stimuli were constructed by multiplying a random static noise background by a 2-D Gabor, and are mathematically described by
where L mean is the mean luminance of the background, rand is a uniformly distributed random variable between 0 and 1, C is the contrast of the modulation, F is the spatial frequency of the modulation, / is the spatial phase, r is the standard deviation (SD) of the Gaussian envelope, and x and y are the respective horizontal and vertical distances from the peak of the Gaussian envelope.
In a control experiment we used stationary, luminance modulations of random static noise as first-order stimuli. Stimuli were constructed by adding a random static noise background to a 2-D Gabor, and are mathematically described by
where the symbols are as described above.
For both experiments, we created three sets of stimuli to offset any luminance artifacts produced from the clumping of noise patches. Each pixel subtended 0.93 min of arc at a viewing distance of 1.4 m, and noise patches were 4 · 4 square pixels. The luminance increment or decrement of each noise patch was taken randomly from a uniform distribution. The contrast of each noise patch depended on the value of the multiplying sinusoid at that position and the mean contrast of the noise background was 50%. The stimulus area (512 · 512 pixels subtending 8°· 8°visual angle) was centered within the screen and contained a central 1 c/ deg, horizontal target, constructed in sine phase. We systematically adjusted the standard deviation of the 2-D Gabor in 0.25°steps (range 0.25°-3°) which produced stimuli containing 1-8 cycles (@ 4· SD). We describe stimulus dimensions at 4· SD (95% of the Gaussian envelope). Thus, for each stimulus, size (in degrees) equaled the number of cycles. In control observers we also measured contrast detection threshold for a 12-cycle target. This stimulus was centered in a 756 · 756 pixel background but was otherwise constructed identically to the 1-8 cycle stimuli.
Experiment
In all observers we measured contrast detection thresholds for circular second-order and first-order stimuli. Each observer was given extensive training on these tasks prior to data collection. For all measurements the observer sat in a darkened room, head positioned on a chin and forehead rest, and the non-tested eye occluded with a black patch. We tested each eye of the non-control observers, and the dominant eye of the control observers.
We used a self-paced, temporal two-alternative forced-choice paradigm with the method of constant stimuli. Stimuli were presented in 500 ms intervals, separated by 500 ms, and respectively signaled by simultaneous single or dual tones. The observer fixated the screen center and was asked to detect the target presented randomly in one of the stimulus intervals. The interstimulus interval contained an un-modulated random noise field of the same size and average Michaelson contrast (50%) as that contained in the stimulus intervals. A keyboard press signaled the response and no feedback was given. In each trial the computer presented the target at one of 7 contrast levels, chosen to span the psy- chometric function. Each run tested one stimulus size and consisted of 110 trials, with the first 5 trials being discarded to allow for task adaptation. We collected at least 5 consecutive runs (over 3 or more days) and calculated contrast detection threshold (75% correct response) and standard error by fitting a Weibull function to the data.
Results
The four control observers showed similar spatial summation of second-order contrast, i.e., similar reduction in contrast detection threshold with increasing stimulus size (2-8 cycles), including limited reduction for large stimuli (6-8 cycles) (Fig. 2, top four panels) . Stimuli containing 1-2 cycles produced large differences in threshold. For example, the respective thresholds for the 1-cycle and 2-cycle stimuli were 53.01 ± 7.31% and 19.30 ± 2.77% for observer KE and 32.29 ± 3.02% and 16.15 ± 1.58% for observer IC. The inter-observer differences in threshold for 1-2 cycle stimuli likely represent unequal summation within a single channel. In contrast, all observers showed similar thresholds for P2 cycle stimuli, which likely represents similar summation of independent channels. The similar plateau in threshold for 6-8 cycle stimuli (average threshold 12.03 ± 0.48%) indicates similar spatial limits to summation.
The weighted average data clearly demonstrates the asymptote at 6-8 cycles (Fig. 2, bottom panel) . This spatial limit to summation is further demonstrated by the non-reduction in threshold for the 12-cycle stimulus (Fig. 2, open symbols) . The overall size of the background noise for the 12-cycle stimulus was one-third larger than that for the 1-8 cycle stimuli. This limits comparisons of thresholds and precludes use of the 12-cycle data in the power fits below.
We fit separate power functions to the weighted average data which indicated single channel summation (rapid improvement in threshold from 1 to 2 cycles) and summation of independent channels (slower, prolonged improvement in threshold from 2 to 8 cycles) (Fig. 2,  bottom panel) . The power function was of the form: y ¼ ax^n, where y is the threshold contrast, a is the threshold for the 1 cycle stimulus, x is the number of cycles contained in the stimulus, and n is the exponent on log-log coordinates. For single channel summation, the slope of the power function (i.e., the exponent) was À0.92, indicating a nearly linear change in threshold (slope of À1). Linear summation is taken to represent summation of contrast within a single channel (Graham, 1989 ) and 1-2 cycles is a reasonable estimate of the bandwidth for a 1 c/deg channel. Testing a 0.5-cycle stimulus may have more clearly revealed single channel summation. However, this stimulus would probably have been undetectable for 3 observers (the exception being observer IC) based on their respective thresholds for the 1-cycle stimulus (Fig. 2) and assuming linear summation.
For probability summation of independent channels, the slope of the power function fit to the weighted average data for 2-8 cycle stimuli was À0.42 ± 0.11 (95% CI). This Fig. 2 . Control observers show similar spatial summation: contrast detection threshold decreases when stimulus size increases then becomes essentially independent of size, i.e., asymptotes at 6-8 cycles. The top four panels present individual data. Error bars represent ±1 SE. The bottom panel presents the weighted averages (symbols) and power function (solid line). Error bars represent 95% confidence intervals. The gray dotted line represents a slope of À1 from 1 to 2 cycles and a slope of À0.5 from 2 to 8 cycles. The open symbol represents the 12-cycle stimulus and is not included in the power fit because its noise background was one-third times larger than the other stimuli. Note that the upper and lower horizontal axes have different units but share the same scale. This is due to using 1 c/deg stimuli, varying SD by 0.25°steps, and describing stimulus size at 4· SD. Fig. 3 . Non-control observers and control observers show similar spatial summation. Panels present individual data of (A) six amblyopic observers and (B) one bilateral amblyopic observer (YL) and two strabismic observers with no visual acuity loss (WS and RZ). Error bars represent ±1 SE The gray zone represents the control eye (CE) 95% confidence interval. Spatial summation also appears to be independent of second-order contrast sensitivity (i.e., non-control eye data appear to be parallel shifts of the CE data). Note that the amblyopic eyes of KL, GD, and JK could not detect the smallest stimuli at 100% contrast (arrows).
is compatible with the slope (À0.5) of the model for firstorder spatial summation (Graham, 1989) . We now compare the control observer data (1-8 cycles) and power fit (2-8 cycles) to data of the non-control observers.
Eight of nine non-control observers showed normal second-order spatial summation in each eye, despite substantial bilateral loss of contrast sensitivity (Fig. 3) . This is demonstrated by the data of non-control observers being nearly parallel (vertical) shifts of the control observer data, including the asymptote at 6-8 cycles.
The nearly parallel shifts included data of three amblyopic eyes (observers GD, JK, and KL) which were insensitive to the smallest stimuli. These eyes had the poorest visual acuity in our sample (Table 1A) , however, the additional factor of binocular function was demonstrated by strabismic observers WS and RZ, who showed bilateral loss of sensitivity but no loss of visual acuity in either eye (Table 1B) .
Similar spatial summation by all but one observer is further demonstrated by power fits to the 2-8 cycle data (Fig. 4) . Qualitatively, power fits for the non-amblyopic eyes (Fig. 4A ) and amblyopic eyes (Fig. 4B ) appear to be parallel shifts of the power fit for the control eyes. The obvious exception is the amblyopic eye of observer SL (steepest slope) who coincidentally was the least amblyopic observer. We note that the steeper slope for observer SL hinges on a single point (at 2 cycles) with a small error bar. The proportionality of the slopes also indicates that contrast sensitivity loss occurred, on average, for all stimulus sizes. Quantitatively, the average slope and 95% CI for the amblyopic eye group (0.57 ± 0.15) and non-amblyopic eye group (0.58 ± 0.09) were very similar (Table 2) . However, the range of slopes was much greater for the amblyopic eyes (0.31-1.23) than the non-amblyopic eyes (0.40-0.72). Compared to the control group (0.42 ± 0.11), both the amblyopic eye and non-amblyopic eye groups showed steeper slopes. This difference could reflect disparate neural processing and/or be due to the control group being too small to reflect the general population.
We did not fit power functions to the 1-2 cycle data of non-control observers because these stimuli produced marked threshold differences between control observers (Fig. 2) and could not be detected by three of the deepest amblyopic eyes (observers GD, JK, and KL). However, for those non-control observers able to detect the 1-2 cycle stimuli, their data was proportional to the control observers data (weighted average), thus indicating similar single channel summation (Figs. 3A and B) .
In a control experiment, the four control observers and four non-control observers (representing the four levels of acuity loss: deep, shallow, bilateral, and strabismic without acuity loss) showed similar spatial summation for first-order stimuli (1 c/deg modulations of luminance added to noise) (Figs. 5A and B) . Efficiency precluded testing of all nine non-control observers. In Fig. 5B , data of each eye of four representative non-control observers generally falls within the 95% confidence interval of the control observers, thus indicating normal first-order spatial summation and contrast sensitivity. For stimuli containing 6-8 cycles, non-control observers often showed better contrast sensitivity than the control Fig. 4 . Power functions demonstrate similar second-order spatial summation by all observers. Power functions for the (A) nonamblyopic eyes, (B) amblyopic eyes, and control eyes (gray symbols) are fit to the likely range of independent channel summation (2-8 cycles). The gray dotted line represents a slope of À0.5 for 2-8 cycles. Error bars for non-control eyes are omitted for clarity but can be seen in Figs. 3A and B. The slope and 95% CI for each eye of the noncontrol observers can be seen in Table 2. observers (i.e., data falls below the CE 95% confidence interval). This is not surprising for our low spatial frequency stimulus (McKee, Levi, & Movshon, 2003) and more importantly suggests that the bilateral loss of second-order contrast sensitivity in non-control observers (Figs. 3A and B ) is attributable to a neural deficit specific to the second-order mechanism. Furthermore, contrast detection thresholds for first-order stimuli did not asymptote at 6-8 cycles, unlike second-order stimuli, thus suggesting separate mechanisms (see Section 4).
Discussion
Our main result is that amblyopic observers, and strabismic observers with no visual acuity loss, show normal second-order spatial summation in each eye, despite substantial bilateral loss of second-order contrast sensitivity. Each eye of non-control observers also showed normal first-order spatial summation and contrast sensitivity (for 1 c/deg stimuli), in agreement with prior studies (Hagemans & van der Wildt, 1979; Katz et al., 1984) . Our present study thus provides insight into two early levels (V1 and V2) of cortical processing in amblyopia. Bilateral loss of sensitivity for second-but not first-order contrast suggests an amplification of neural deficits to V2; however, spatial summation appears to be conserved in both V1 and V2.
Both linear and quadratic spatial summation appeared to be conserved in non-control observers. Relative to control observers, single channel summation was qualitatively similar (Fig. 3 ), probability summation of independent channels was more qualitatively than quantitatively similar (Fig. 4 and Table 2), and summation was similarly complete by 6-8 cycles (i.e., 6-8°@4· SD). These findings compare favorably with prior studies of second-order spatial summation in normal observers, allowing for differences in stimuli. Schofield and Georgeson (1999) used Gaussian blobs of binary noise and clearly showed the three stages of summation. Landy and Oruc (2002) used vertically oriented, 1 c/ deg modulations of texture and showed complete spatial summation by 15°width and 7.5°height.
Further evidence that our stimuli elicited distinct neural mechanisms is shown by the results for first-and second-order spatial summation (Fig. 5) . First-and secondorder data for 1-6 cycle stimuli were essentially parallel; however, for 6-8 cycle stimuli only the second-order data was asymptotic. We did not test first-order stimuli containing more than 8 cycles as our intent was not to study this mechanism per se. Nonetheless, the single asymptote suggests separate mechanisms. The parallel functions suggest either separate but functionally similar mechanisms or a single mechanism that is differentially masked by the noise spectrum (50% mean contrast and broadband). Our results support the former mechanism, as Schofield and Georgeson (2003) have shown that the noise spectrum functions only as the carrier in the second-order structure but as a frequency selective mask in the first-order structure. This also explains why prior studies of first-order spatial summation have found lower contrast detection thresholds Legge, 1978) .
The detection of second-order, or contrast modulated, structure could in theory be performed or aided by the detection of side-band spatial frequencies-structures produced by the contrast modulation of the carrier (Henning, Hertz, & Broadbent, 1975) . This possible confound is minimized by the use of a noise carrier, as in our study, rather than a grating carrier. This is because side-bands produced with noise carriers (including high contrast carriers), as well as the frequencies produced adjacent to the side-bands, are much less isotropic relative to the second-order modulation than side-bands produced with grating carriers (Dakin & Mareschal, 2000) . Hence, our use of a broadband noise carrier likely resulted in side-bands not confounding detection of the contrast modulation.
The present study was based in part on the finding that detection of a second-order target (identical to the present studyÕs 4-cycle stimulus) is suppressed by flanking second-order stimuli in non-control observers, whereas flanks facilitate detection in normal observers (Wong et al., in press ). We speculated that flank contrast might have masked target detection in non-control observers via abnormal (enlarged) spatial summation. However, our present study shows that this flank to target (center-to-center) distance (4°) is within the spatial limit of (normal) summation in non-control observers.
As probability summation of independent channels is taken to represent the pooling of outputs from similarly tuned neurons, our results may provide insight into the relative number of neurons that are driven by each eye of non-control observers. Primate models of amblyopia show that reduction in the proportion of V1 neurons driven by the amblyopic eye is dependent on amblyopia type. Generally, the greatest reduction is found in deep strabismic amblyopia (Baker, Grigg, & von Noorden, 1974; Crawford & von Noorden, 1979; Kiorpes, Kiper, OÕKeefe, Cavanaugh, & Movshon, 1998) and anisometropic amblyopia (Baker et al., 1974; Kiorpes et al., 1998; Movshon et al., 1987) and the least in mild to moderate strabismic amblyopia (Kiorpes et al., 1998; Smith et al., 1997) . If V2 is similarly affected by amblyopia, a reduction in monocular neurons might be expected to produce inter-ocular differences in second-order spatial summation. Conversely, no inter-ocular difference would be expected based on findings that V2 neurons in normal primate are overwhelmingly binocular, i.e., driven equally well by either eye (Burkhalter & Van Essen, 1986; Hubel & Livingstone, 1987) , thus making subtle shifts of ocular dominance in V1 inconsequential. The qualitative and quantitative second-order spatial summation shown by each eye of our non-control observers (Figs. 3 and 4) , who included a variety of amblyopes and range of visual acuity loss, supports the latter prediction. We acknowledge that the assumption in probability summation of independence between the outputs of individual channels is contradictory to the known horizontal connections and center-surround mechanisms in striate visual cortex (Angelucci et al., 2002; Cavanaugh, Bair, & Movshon, 2002) , as well as the reentrant feedback from extrastriate areas (for a review see Angelucci & Bullier, 2003) . Nonetheless, our results suggest that the neural mechanisms underlying second-order spatial summation, including any non-linear mechanisms, are spared in amblyopic and strabismic observers.
